AbsTrACT
Objective in association with innate and adaptive immunity, the microbiota controls the colonisation resistance against intestinal pathogens. caspase recruitment domain 9 (CARD9), a key innate immunity gene, is required to shape a normal gut microbiota.
Card9
-/-mice are more susceptible to the enteric mouse pathogen Citrobacter rodentium that mimics human infections with enteropathogenic and enterohaemorrhagic Escherichia coli. Here, we examined how CARD9 controls C. rodentium infection susceptibility through microbiota-dependent and microbiotaindependent mechanisms. Design C. rodentium infection was assessed in conventional and germ-free (gF) wild-type (Wt) and Card9 -/-mice. to explore the impact of Card9
-/-microbiota in infection susceptibility, gF Wt mice were colonised with Wt (Wt→gF) or Card9 -/-(Card9 -/-→gF) microbiota before C. rodentium infection. Microbiota composition was determined by 16S rDna gene sequencing. inflammation severity was determined by histology score and lipocalin level. Microbiotahost immune system interactions were assessed by quantitative Pcr analysis. results CARD9 controls pathogen virulence in a microbiota-independent manner by supporting a specific humoral response. Higher susceptibility to C. rodentiuminduced colitis was observed in Card9 -/-→gF mice. the microbiota of Card9 -/-mice failed to outcompete the monosaccharide-consuming C. rodentium, worsening the infection severity. a polysaccharide-enriched diet counteracted the ecological advantage of C. rodentium and the defective pathogen-specific antibody response in Card9 -/-mice. Conclusions carD9 modulates the susceptibility to intestinal infection by controlling the pathogen virulence in a microbiota-dependent and microbiota-independent manner. genetic susceptibility to intestinal pathogens can be overridden by diet intervention that restores humoural immunity and a competing microbiota.
InTrODuCTIOn
The gut microbiota is composed of highly diverse microbial communities that perform a wide variety of functions through direct or indirect interactions with the host. In humans, faecal microbiota transplantation is an effective therapeutical strategy to cure recurrent Clostridium difficile infections. 1 Thus, along with the genetic background, the gut microbiota can contribute to colonisation resistance against pathogens directly by competing for food sources and indirectly by modulating the host immune response, 2 3 but the underlying host mechanisms have yet to be thoroughly described. These mechanisms can be explored using a murine colitis model induced by Citrobacter rodentium, a natural mouse pathogen widely used to mimic human infections with enteropathogenic Escherichia coli and enterohaemorrhagic E. coli, 4 which are important causes of diarrhoea and mortality worldwide. 5 6 These Gram-negative bacteria provoke transient enteritis or colitis by inducing attaching and effacing lesions on the intestinal epithelium.
Caspase recruitment domain family member 9 (CARD9) is an IBD susceptibility gene encoding an adaptor protein that integrates signals downstream of several pattern recognition receptors. 7 In a previous study, we showed that Card9 -/-mice are more susceptible to C. rodentium infection. 8 Moreover, we recently demonstrated that the bacterial and fungal microbiota of Card9 -/-mice exhibit an impaired functional ability to catabolise tryptophan into aryl hydrocarbon receptor (AhR) ligands, leading to decreased interleukin (IL)-22 production by immune cells. 9 The aim of this study was to evaluate the microbiota-dependent and microbiota-independent roles of CARD9 in C. rodentium infection susceptibility. Here, we demonstrated that Card9 is required for the C. rodentium-specific IgG response in a microbiota-independent manner and for shaping an intestinal microbiota able to compete with C. rodentium for nutrients. The microbiota of Card9 -/-mice preferentially consumed polysaccharides and failed to outcompete the monosaccharide-consuming C. rodentium. These mechanisms, associated with early defects in the IL-22 response, promoted a more severe infection, particularly in the early phase. This phenotype could be overridden by a diet containing polysaccharides (PSs) as the sole hydrocarbon source. The PS diet suppressed the ecological advantage of C. rodentium in the context of a low abundance of commensal competitors for monosaccharides (MSs) and counteracted the defective pathogen-specific antibody response observed in Card9 -/-mice. These results showed that the interplay between diet and IBD-predisposing genes can strongly influence resistance to intestinal infections by modifying the immune response and the microbiota composition.
resulTs

Intestinal pathogen-specific IgG response is altered in
Card9
-/-mice
To evaluate the role of CARD9 in the response to C. rodentium infection, WT and Card9 -/-mice were challenged with the C. rodentium strain DBS100 or a C. rodentium strain expressing luciferase. In accordance with previous work, 8 we observed higher susceptibility in Card9 -/-mice compared with WT mice, with an increased C. rodentium faecal load (figure 1A) associated with a higher weight loss (figure 1B) and enhanced intestinal inflammation ( figure 1C ). In addition, to evaluate the infection severity in vivo, we used a C. rodentium strain expressing luciferase and performed real-time whole-body imaging. Four and 12 days after oral infection with C. rodentium, the bacterial load was higher in Card9 -/-mice than in WT mice (see online supplementary figure 1A,B). We also observed increased levels of C. rodentium in the faeces and caecum of Card9 -/-mice at day 4 compared with WT mice (see online supplementary figure  1C-F) . In a recent study, Kamada et al. showed that a specific antibody response targeting the Locus for Enterocyte Effacement (LEE) is required for selective elimination of virulent pathogens, while avirulent C. rodentium outcompeted by the commensal microbiota were eradicated. 10 B cells from colon lamina propria, which are involved in intestinal immunoglobulin production, were explored at baseline, but no differences were observed between WT and Card9 -/-mice (see online supplementary figure 2). However, the specific intestinal IgG response against C. rodentium was impaired at day 12 post infection in Card9 -/-mice compared with WT mice ( figure 1D ). This finding was associated with increased expression of the (LEE)-encoded-regulator (ler) gene in the faeces of Card9 -/-mice ( figure 1E ), which is a transcriptional activator of LEE virulence genes. 11 Overall, these data showed that the higher susceptibility of Card9 -/-mice in the late phase of C. rodentium infection is at least partly mediated by defective intestinal humoral immunity and defective control of pathogen virulence.
Card9 controls pathogen virulence and the specific humoral response independently of the gut microbiota
To determine whether CARD9 controls C. rodentium infection in a gut microbiota-independent manner, germ-free (GF) WT and GF Card9 -/-mice were challenged with C. rodentium. As previously reported, 12 GF WT mice cannot eradicate C. rodentium, and neither weight loss nor mortality was observed, despite a high and persistent intestinal pathogen burden (figure 2A). The same results were observed in GF Card9 -/-mice, with no difference in colonisation between the two genetic backgrounds (figure 2A, see online supplementary figure 3). However, a significantly increased level of lipocalin 2 (Lcn2) and greater histopathological alterations indicated enhanced intestinal inflammation in GF Card9 -/-mice compared with GF WT mice ( figure 2B-D) . Moreover, in GF Card9 -/-mice, the specific intestinal IgG response against C. rodentium was impaired compared with GF WT mice (figure 2E). Accordingly, the expression of ler in C. rodentium was higher in the faeces of GF Card9 -/-mice compared with GF WT mice in the early and late phases of infection ( figure 2F ).
Rag2
-/-and Rag2
Card9
-/-mice exhibited a similar susceptibility to C. rodentium, supporting the idea that a defective humoural response is a key factor in the higher susceptibility of Card9 -/-mice (see online supplementary figure 4). Collectively, these experiments showed that Card9 -/-mice exhibit a defective intestinal humoural immunity response, leading to impaired elimination of virulent C. rodentium (ler+) and intestinal inflammation.
-/-microbiota induces an Il-22 defect at baseline but not during C. rodentium infection The gut microbiota is essential for the clearance of C. rodentium ( figure 2A) . 3 12 Moreover, we recently showed that the microbiota of Card9 -/-mice contributes to the susceptibility of the mice to dextran sodium sulfate-induced colitis by altering the IL-22 signalling pathway via impaired tryptophan metabolism, leading to defective AhR activation. 9 Therefore, we hypothesised that the significance of this study What is already known on this subject? ► In association with the genetic background, the gut microbiota participates in colonisation resistance against pathogens directly by competing for food and indirectly by modulating the host immune response. ► CARD9, one of the IBD susceptibility genes, has a role in shaping the bacterial gut microbiota and is required for intestinal homeostasis. ► Card9 -/-mice are more susceptible to the intestinal pathogen Citrobacter rodentium (that mimics human infections with enteropathogenic and enterohaemorrhagic Escherichia coli), but the mechanisms are unknown.
What are the new findings?
► CARD9 promotes resistance to the enteric pathogens by gut microbiota-dependent and microbiota-independent mechanisms. ► CARD9 controls pathogen virulence in a microbiotaindependent manner by supporting a specific humoral response. ► CARD9 participates also in colonisation resistance against intestinal pathogens by shaping the gut microbiota that competes for sugars with pathogens. ► An appropriate diet intervention can override genetic susceptibility to intestinal pathogens by shaping the microbiota and promoting humoral immunity.
How might it impact on clinical practice in the foreseeable future?
► Our results demonstrate an interplay between diet, microbiota and IBD-predisposing genes, which strongly influence colonisation resistance against intestinal pathogens by supporting the immune response and shaping the gut microbiota. ► Dietary intervention supporting the host humoral response and depriving pathogens of food source or promoting bacteria that compete with pathogens for food source could be an interesting therapeutical strategy in patients with intestinal infection or with an intestinal disease involving Proteobacteria outgrowth, such as IBD.
Microbiome
higher susceptibility of Card9 -/-mice to C. rodentium could also be related to the Card9 -/-microbiota. To explore this hypothesis, we colonised GF WT mice with the microbiota of WT (WT→GF) or figure 3B-D) . The strongest site of infection in both WT and Card9 -/-mice was the caecum (see online supplementary figure 1D-F), as previously observed. 13 Therefore, to examine the mechanisms responsible for this defect, we compared the caecum transcriptomes of WT→GF and Card9 
Card9
-/-microbiota exhibits decreased resilience on C. rodentium infection
We next explored the composition of the microbiota at baseline and during the infection. A principal component analysis revealed major differences between the microbiota of WT→GF and Card9 -/-→GF mice throughout the experiment ( figure 4A ). The shift in microbiota composition during colitis followed a similar pattern in WT→GF and 
Microbiome
Card9
-/-→GF mice, but unlike WT→GF mice, the microbiota of Card9 -/-→GF mice did not return to its initial state at day 22 post-infection (figure 4A-C). Alpha diversity measurements (Shannon index) also supported the observation of decreased resilience of the bacterial microbiota in Card9 -/-→GF mice ( figure 4D ). Indeed, no difference in alpha diversity was observed during the infection in WT→GF mice, whereas the diversity decreased between day 0 and day 22 in Card9 -/-→GF mice ( figure 4D ). Moreover, after pathogen clearance (day 22), the diversity was significantly lower in Card9 -/-→GF mice compared with WT→GF mice ( figure 4D ). Using the linear discriminant analysis effect size (LEfSe) pipeline, 14 we observed several differences in the baseline faecal bacterial microbiota composition between Card9 -/-→GF mice and WT→GF mice, including increases in Ruminococcus genera in the Card9 -/-→GF mice (figure 4E, see online supplementary figure 10). To gain insight into the potential functional differences between the Card9 -/-→GF and WT→GF microbiota, we inferred metagenomes using the Picrust algorithm. 15 This analysis revealed several potential differences, most notably in hydrocarbon metabolism (see online supplementary figure 11 ). Indeed, functions related to MS use, such as fructose and mannose metabolism or galactose metabolism, were enriched in the WT→GF microbiota, whereas functions related to PS use, such as pyruvate and butanoate metabolism, were enriched in the Card9 -/-→GF microbiota (figure 4F, see online supplementary figure 11). Moreover, using 16S rDNA sequencing, we recently demonstrated that the baseline bacterial microbiota of Card9 -/-mice was different than WT mice 9 and inferred metagenomes using the Picrust algorithm confirm that functions related to PS use could be enriched in Card9 -/-microbiota (see online supplementary figure 12 ). Overall, these data demonstrate that the Card9 -/-microbiota exhibits decreased resilience on C. rodentium infection and suggest also that Card9 -/-microbiota could have an imbalanced hydrocarbon metabolism favouring PS over MS.
-/-microbiota fails to outcompete the monosaccharideconsuming C. rodentium As C. rodentium preferentially uses MSs, 12 we hypothesised that the higher susceptibility of Card9 -/-→GF mice could be related to the imbalance in the sugar metabolism of the gut microbiota towards PS use, leading to a weaker competition for carbohydrate substrates with the pathogen. To test this hypothesis, WT and Card9 -/-mice were fed a simple sugar diet containing either only MSs or only PSs as the sole hydrocarbon source and then challenged with C. rodentium. After 1 week of dietary intervention with either an MS or PS diet, the gut microbiota composition was analysed in WT and Card9 -/-mice. Although the principal component analysis revealed microbiota differences between WT and Card9 -/-mice, the diet effect seemed to dominate the host genotype in shaping the microbiota (figure 5A, online supplementary figure 13 ). Interestingly, the diet effect was stronger in Card9 -/-mice than in WT mice. Accordingly, no significant difference in alpha diversity (Shannon index) was observed between WT and Card9 -/-mice regardless of the diet, whereas the diversity decreased in Card9 -/-mice fed with PSs compared with Card9 -/-mice fed with MSs ( figure 5B ). Using the LEfSe pipeline, we observed several diet-induced differences in the microbiota composition of WT and Card9 -/-mice. Here again, the diet effect was stronger in Card9 -/-mice, with a higher number of taxa differentially represented between mice fed an MS diet and those fed a PS diet, than in WT mice. One common diet-induced effect was that the PS diet decreased the amount of Proteobacteria in both WT and Card9 -/-mice ( figure 5C ). These results showed that favouring PS intake over MSs has a detrimental effect on the intestinal colonisation by Proteobacteria and suggested a potential positive effect in the context of infection with a Proteobacteria member such as C. rodentium.
The MS diet increased the severity of C. rodentium infection in Card9
-/-mice, with higher C. rodentium faecal load and weight loss, whereas the PS diet reversed the genetic susceptibility, resulting in a similar infection severity in Card9 -/-and WT mice (figure 6A). Correspondingly, an increased level of Lcn2 and greater histopathological alterations indicated enhanced inflammation in Card9 -/-mice fed the MS diet. In contrast, the PS diet decreased the infection severity in both WT and Card9 -/-mice ( figure 6B-D) . As short-chain fatty acids (SCFAs) are major microbial metabolites of polysaccharides 16 17 and support C. rodentium-specific antibody responses, 18 we hypothesised that the beneficial effect of the PS diet on the susceptibility of Card9 -/-mice to C. rodentium (figure 4A) could be partly related to the increased production of intestinal IgG. We showed that the specific intestinal IgG response against C. rodentium was increased at day 12 in Card9 -/-mice fed the PS diet compared with Card9 -/-mice fed the MS diet ( figure 6E) . Interestingly, the specific intestinal humoral response was also defective at day 12 in WT mice fed the MS diet compared with WT mice fed the PS diet (figure 6E), suggesting that PSs are necessary for the basal production of C. rodentium-specific intestinal immunoglobulins. Consequently, the ler expression in faeces was higher in Card9 -/-mice fed MSs than in Card9 -/-and WT mice fed PSs at days 2 and 10 ( figure 6F) . Overall, these results show that Card9 deletion shapes the microbiota, inducing a preferential use of PSs and leading to a lower competition for nutrients with C. rodentium. Moreover, a diet with PSs as the sole hydrocarbon source can override the genetic susceptibility of Card9 -/-mice to intestinal pathogens by promoting a C. rodentium-specific antibody response, which leads to the elimination of virulent C. rodentium. -/-mice (n=7) fed the PS diet (generated using the LEfSe pipeline). LDA, linear differential analysis; LEfSe, LDA effect size. 
Microbiome DIsCussIOn
The gut microbiota is a key player in mammalian physiology and participates in the protection against intestinal pathogens. Several mechanisms are involved in this protection, including induction of host immune responses and competition for ecological niches and nutrients. 2 3 For instance, the transfer of the C57BL/6 microbiota is sufficient to overcome the inherent genetic susceptibility of C3H/HeOuJ mice to C. rodentium infection. 19 Here, we showed that Card9 plays a key role in the response to C. rodentium infection through mechanisms that are both gut microbiota dependent and independent (figure 7). Using GF mice and microbiota transplantation experiments, we demonstrated that the interplay between diet and Card9 expression regulates the virulence of C. rodentium to promote pathogen eradication and host survival.
C. rodentium-specific IgG antibodies are essential for pathogen clearance and host survival. 10 20 21 In this study, we observed an impaired C. rodentium-specific IgG response in GF Card9 -/-and Card9 -/-mice during C. rodentium infection, suggesting that Card9 controls the virulence of C. rodentium by supporting the specific humoral response independent of the gut microbiota.
GF animals are unable to eradicate pathogens, and the gut microbiota is essential for the clearance of C. rodentium. 3 12 Moreover, our previously published results demonstrated that the microbiota of Card9 -/-mice is altered, with an impaired ability to catabolise tryptophan into AhR ligands, leading to decreased IL-22 production. 9 Here, we showed that transfer of the microbiota from Card9 -/-mice to WT GF recipients was sufficient to recapitulate the increased susceptibility to C. rodentium observed in Card9 -/-mice. IL-22 regulates mucosal wound healing, 22 is implicated in intestinal homeostasis, 23 triggers the secretion of antimicrobial proteins REGIIIγ and REGIIIβ by the intestinal epithelium 24 25 and is required for protection against C. rodentium infection. 26 27 In the current study, we confirmed the baseline IL-22 defect in Card9 -/-→GF mice and, conversely, observed that the Il22, Reg3b and Reg3g expression levels were normal or higher compared with WT→GF mice during the infection. These two observations suggested that the baseline IL-22 defect contributes only marginally to the higher susceptibility of Card9 -/-→GF mice to C. rodentium. Of equal importance, we noted an important ecological effect in the susceptibility of Card9 -/-mice to C. rodentium. Indeed, several studies have shown that transfer of the microbiota of resistant mice to susceptible mice results in the transfer of host resistance to C. rodentium infection. 19 28 29 Resistance to C. rodentium infection has been previously associated with a decrease in Firmicutes and Porphyromonadaceae 28 and an increase in Bacteroidetes, Lachnospiraceae, Bacteroidaceae and an unclassified family of Clostridiales. 19 28 We observed increased levels of Firmicutes and decreased levels of the Clostridiaceae family in the baseline faecal bacterial microbiota composition in susceptible Card9 -/-→GF mice compared with resistant WT→GF mice. As these data were generated in different mice strains, they suggest a common ecological effect in the resistance to intestinal pathogens.
We further analysed the microbiota metabolism and observed that the Card9 -/-microbiota exhibits a deregulated hydrocarbon metabolism, favouring PSs over MSs, which leads to a lower competition for MSs and thus favours C. rodentium colonisation. Previous studies have shown that E. coli competes with C. rodentium for available MSs and helps the host to clear the pathogen. 12 In accordance, the MS diet increased the severity of C. rodentium infection in Card9 -/-mice, whereas the PS diet rescued the phenotype, showing that the PS diet can override the susceptibility of Card9 -/-mice to C. rodentium. The PS diet induced a decrease in Proteobacteria in WT and Card9 -/-mice, suggesting that dietary intervention can help in protecting against intestinal infections in a genotype-independent manner by shaping the microbiota. C. rodentium is a Proteobacteria, which preferentially use MSs as a hydrocarbon source, 12 suggesting that the PS diet was also involved in resistance to infection by decreasing the MS availability for Proteobacteria such as C. rodentium. Moreover, SCFAs produced by the gut microbiota as fermentation products of PSs support the host antibody response. 18 In accordance, the PS diet promoted the C. rodentium-specific antibody response, which led to the elimination of virulent C. rodentium in Card9 -/-mice, showing that the PS diet also contributed to the elimination of the pathogen by promoting humoral immunity.
Collectively, our study demonstrates that the IBD-predisposing gene CARD9 plays a key role in controlling pathogen virulence and in shaping a balanced gut microbiota to eradicate luminal pathogens. Moreover, an appropriate diet can override genetic susceptibility to intestinal pathogens by shaping the microbiota and promoting humoral immunity. Indeed, dietary intervention supporting the host antibody response and depriving pathogens of a food source or promoting bacteria that compete with pathogens for the food source could be an interesting preventive or curative strategy in patients with intestinal infection or with an intestinal disease involving Proteobacteria outgrowth, such as IBD.
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MATerIAls AnD MeTHODs Animals
Card9-deficient mice (Card9 
/Card9
-/-mice. All animals were housed under specific pathogen-free conditions at the Saint-Antoine Research Center (Centre de Recherche Saint-Antoine, CRSA, INSERM UMR_S938). At weaning, the mice were separated according to genotype. Germ-free Card9 -/-and C57BL/6J mice were bred in germ-free isolators at the CDTA (Transgénèse et Archivage Figure 7 Proposed model illustrating the gut microbiota-dependent and microbiota-independent role of CARD9 in the response to Citrobacter rodentium infection. CARD9 controls pathogen virulence in a microbiota-independent manner by supporting a specific humoral response and shapes also the microbiota inducing a competition for sugar with pathogens. These mechanisms lead to pathogen elimination.
d'Animaux Modèles, CNRS, UPS44, Orléans, France). Conventional mice were fed a standard chow diet (R03, SAFE), and germ-free mice were fed a diet without yeast (R04, SAFE). All conventional WT, Card9
